Fut1, a-2 fucosyltransferase I; Type III H, Fuc a2 Gal b3 GalNAc a;
Introduction
The function of human blood group ABO is a mystery during evolution. Autoantibodies to blood group A, B and H are absent in neonates and reach their maximum at the age of 5 to 10 years (1) (2) . It is hypothesized that these natural antibodies are induced by gut microbial carbohydrates including lipopolysaccharide structures, while their function remain to be studied. The biosynthesis of blood group ABO structures is intiated by a-2-fucosyltransfearse (EC: 2.4.1.3441). Three members have been cloned for mouse a-2-fucosyltransfearse gene family.
Enzyme activities were reported for mouse Fut1 and Fut2, while no enzyme activity has been reported for Sec1 (3) (4) .
a1,2 fucosylated glycans have been reported to be involved in multiple physiological and pathological processes (5) . Lai et al. reported that Fut1 and Fut2 were upregulated in breast cancer (6) (7) . High expression of Fut1 was also reported in small cell lung cancer (8) , leukemia (9) , ovarian cancer (10) (11) , prostate cancer (12) (13) and hepatocellular carcinoma (14) . Mass spectrometry analysis revealed the higher level of expression of a1,2 fucosylated structures including Globo-H in primary hepatocellular carcinoma (15) . However, in melanoma samples, Fut1 was reported to be down-regulated (16) . Also, contradicting results have been reported on the role of Fut1 in tumor angiogenesis (17) (18) .
Commensal bacteria induce the expression of a1,2 glycans in epithelial cells (19) . Epithelial fucose is used as a dietary carbohydrate by many bacteria. The exact function of a1,2 glycans of gut epithelia is being explored. Defect of intestinal fucosylation in Fut2 -/-mice led to increased susceptibility to infection by Salmonella typhimurium. It has also been reported that non-sector status is related to increased susceptibility to Crohn's disease (20) (21) (22) .
Both Fut1 and Fut2 have been reported to be expressed in mouse brain and regulate neurite migration and synaptic plasticity. The underlying mechanism appears to be extremely complexed as multiple glycoproteins are modified by a1,2 glycans. Genetic ablation of either Fut1 or Fut2 in mice did not cause complete defect of a1,2 glycans due to redundant expression in mouse brain (23) .
The Fut1 and Fut2 gene are located in the same chromosome with a 30 kb distance ( Figure 1 ).
This short genetic distance prevents the homologous recombination process required for generating double knockout mice. In this study, we sequentially depleted Fut1 gene and Fut2/Sec1 gene in ES cells and generated triple knockout mice with total deficiency of a1,2-fucosyltransferase enzyme.
Methods

Engineering of Bacmid
The Fut1, Fut2, and Sec1 loci are located in chromosome 7 in a 77 kb region ( Figure 1 ) were used to determine the mutation of Fut1 locus (replaced by FRThygromycin-FRT cassette). Primers Wt1, R1385neoS and N2 were used to determine the mutation of Fut2 and Sec1 locus (replaced by LoxP-neomycin-LoxP cassette).
ELISA measurement of natural antibodies to blood group H, A, and B
The biotinylated glycans were provided by Drs. Ola Blixt and James Paulson at the Scripps Research Institute. Biotinylated glycans (1 µg/ml) were bound to streptavidin-coated plates (2 µg/ml), and incubated with serially diluted serum for 2 hours. Binding of glycan-specific IgM and IgG was visualized by a secondary antibody (goat anti-mouse IgM, or goat anti-mouse IgG, Southern Biotech, Birmingham, AL) followed by colorimetric detection. One percent bovine serum albumin was used as blank for determining the cutoff value.
Generation of a monoclonal antibody specific for blood group H
Fut1/Fut2/ Sec1 triple KO mice were immunized by MCF-7 cell line which express high abundance of blood group H. Monoclonal antibodies were generated by screening against Fuc a1,2 Gal-BSA using ELISA. Fuc a1,2 Gal disaccharide conjugated to BSA (V Labs, UK) was coated to 96 well Costar plates (Corning, NY) at 50 µl per well with a concentration of 5 µg/ml. The supernatant of hybridomas were screen by ELISA. One clone, 4B, that produce high titer of anti-monoclonal antibodies against Fuc a1,2 Gal-BSA were further sub-cloned twice. This antibody clone was submitted to Consortium of Functional Glycomics glycan-array core facility
at Emory University to test its specificity toward 600 mammalian glycans, as well as a glycanchip for blood group related structures.
Glycan array analysis for monoclonal antibody 4B
4B antibody was analyzed on a glycan array at Emory Comprehensive Glycomics Core, using standard procedures in Tris Saline buffer at pH 7.4 containing 2 mM CaCl2 and 2 mM MgCl2 with 1 mg/ml BSA and .05% Tween 20. Antibody at indicated concentration was incubated for 1 hour at room temperature under a coverslip on the CFG array on a microscope slide, washed and the secondary antibody (Alexa647 labeled goat anti-mouse IgG) was similarly applied. The slide was washed with buffer, dried, and scanned at 647nm.
Western blot analysis
Protein concentration was determined by the Bradford method and proteins were separated by SDS-PAGE gel electrophoresis. Proteins were transferred onto PVDF membranes (Millipore, Burlington, MA, USA). The blots were blocked for 2 h at room temperature with 5% non-fat milk in PBS/0.05% Tween 20 and then incubated with the primary antibody (1 µg/mL) overnight at 4 °C. After washing, the PVDF membrane was incubated with horseradish peroxidase (HRP)-conjugated secondary antibody at room temperature for 1 h. The transferred proteins were visualized with chemiluminescence detection kit (Millipore).
Mass spectrometry analysis
Glycosphingolipids were extracted and permethylated as described (25) (26) . Raw reads were trimmed, filtered and aligned against a custom database to screen for human contamination. MetaPhlAn (v2.0) (27)was applied to determine the relative abundance of bacterial species present in all samples. SOAPdenovo (28) and MetaGeneMark (29) software were used to perform de novo assembly and gene prediction with the high quality reads, respectively. All predicted genes were aligned by CD-HIT (identity >95% and coverage >90%) (30) to get the non-redundant gene catalogue. To get the relative gene abundance for each gene, the high quality reads from each sample were aligned against the gene catalogue by SOAP2
(identity > 95%). We aligned putative amino acid sequences from the gene catalogue against VFDB, CAZy, eggNOG and KEGG databases (release 59.0) using BLASTP (e-value ≤1e-5).
The Metastats method was used to evaluate abundance features between groups (http://metastats.cbcb.umd.edu/detection.html). Linear discriminant analysis (LDA) effect size (LEfSe) method was also used to identify species that show statistically significant differential abundances among groups (31) . Heat maps and hierarchical clustering was generated by using R package "heatmap" and "stats" respectively. The effect size R and statistical significance p were determined by ANalysis Of SIMilarity (ANOSIM), assessing statistical significance with 9999 permutations.
Results and Discussion
Normal viability and development of Fut1/Fut2/Sec1 triple KO mice
Triple knockout mice with deletion of Fut1, Fut2, and Sec1 were genotyped by PCR ( Figure 1 , Table 2 ). The homozygous mutant of triple KO mice showed no statistically significant changes in viability as compared to wild type or heterozygous littermate control (Table 3) . No significant loss of body weight or other abnormal development was observed.
Generation of a monoclonal antibody specific to type II H and Lewis y glycan structures in
Fut1/Fut2/Sec1 triple KO mice A hybridoma 4B was isolated from MCF-7 immunized mice, and further sub-cloned to generate monoclonal antibody. 600-glycan array analysis showed that the antibody binds with strong affinity to multiple glycans with Fuc a2 Gal b4 GlcNAc b at non-reducing ends (Figure 2A , Supplemental Table 1 ). 4B also binds to glycans with Lewis y structure, Fuc a2 Gal b4 (Fuc a3)
GlcNAc b, at non-reducing ends. We further tested 18 glycans including 6 types of blood group H, A and B structures ( Figure 2B , Supplemental Table 2 ). 4B binds to H2 (Fuc a2 Gal b4 structures. B4 does not bind to Globo-H structure (Fuc a2 Gal b3 GalNAc b Gal a4 Gal b4 Glc b) either by the 600-glycan array.
Lack of H blood group antigen in Fut1/Fut2/Sec1 triple KO mice
We tested the presence of H blood group antigen by Western blot analysis of gastric, intestine and colon tissues using 4B antibody. As compared to Fut1 KO mice or Fut2 KO mice, the Fut1/Fut2/Sec1 triple KO mice showed complete lack of H blood group expression ( Figure 3A ).
The lack of Fuc a2 Gal structure was further confirmed by mass spectrometry analysis of neutral glycosphingolipids purified from testis ( Figure 3B ).
Normal serum reactivity to blood group ABO in Fut1/Fut2/Sec1 triple KO mice
We measured the titer of natural antibodies to blood group ABO antigens in Fut1/Fut2/Sec1 triple KO mice and wild type mice. No significant differences of either IgM or IgG were found in 2-month old mice in natural anti-ABO antibodies ( Figure 4) . We further performed metagenomic analysis of microbiome of colon from Fut1/Fut2/Sec1 triple KO or wild type littermate control. No significant difference of bacteria species and abundance were observed either (Supplemental Figure 2) .
In summary, mice devoid of blood group H showed normal development and fertility. The fine pathophysiological alterations in these mice remain to be carefully studied, such as cancer progression, neurite migration, and synaptic plasticity. The Fut1/Fut2/Sec1 triple KO mice may also be a tool to study the role of endogenous fucosylated glycans in gut-microbiome interaction with complete lack of H blood group expression.
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